Abstract: Localization of a set of chimeric GFP proteins in D. melanogaster spermatogenesis has been studied. In the collection used, the proteins with detectable germ-line expression frequently occur to be involved in mRNA maturation. According to the cellular localization, proteins fall into three groups, namely, the protein Rtc1, involved in splicing, displays an exclusively nuclear localization; the proteins Squid (splicing and mRNA transport), Pabp2 (polyadenylation), and Hrb98DE (splicing and mRNA transport) change their localization during germ-line development; and the protein Imp (mRNA localization) is located exclusively in the cytoplasm. The distribution of Rtc1, Squid and Hrb98DE in the spermatocyte nuclei is morphologically similar to the distribution of splicing bodies, the so-called splicing factor compartments. The proteins Imp and Hrb98DE at the stage of elongation are localized to a specialized structure in the caudal region of cyst; this region corresponds to the site of the highest synthetic activity in the cyst cells at this developmental stage.
Introduction
Construction of the chimeric proteins containing GFP (Green Fluorescent Protein) functional sequence makes it possible to visualize the distribution of a studied protein in tissues and cells. The protein trap-a transposon with a GFP tag-contains the GFP exon flanked with splicing donor and acceptor sites. The insertion of such construct into a gene intron in an appropriate orientation and reading frame yields a new artificial exon containing GFP sequence. This gives the possibility to produce the chimeric protein comprising the sequence of the corresponding protein product with the inserted fullsized GFP [1] . One of the sets of such protein traps was obtained in Villefranche (France) by the team headed by A. Debec. Several chimeric proteins from this set have been characterized [2] [3] [4] .
The spermatogenesis of D. melanogaster is a very advantageous system for analyzing the cellular and subcellular morphogenesis [5] . The differentiation of gonial cell into a mature sperm cell is accompanied by reorganization of many cell organelles-the nucleus, endoplasmic reticulum, cytoskeleton, centrosome, and mitochondria. After meiosis, mitochondria form a specialized structure, the so-called nebenkern, characteristic of spermatogenesis. The cell nucleus increases in its volume with the spermatocyte growth to enter the meiotic divisions, which it leaves in a haploid state. During the differentiation into a mature sperm cell, the cell nucleus undergoes compaction, which is accompanied by replacement of histones by protamines.
The possibilities for observation of various cell structures are limited by the set of available antibodies to the proteins involved in spermatogenesis. Therefore, in this work we searched for the inserts into GFP-tag traps able to mark various compartments in the male germline cells. We have screened 29 insertions from the Villefranche Library for the expression of GFP-labeled proteins in spermatogenesis. GFP fluorescence in the adult male germline was detected in 20 cases.
Experimental Procedures
The studied set of GFP-tag insertions comprised the following strains: strain (43-1) w The fly testes were isolated in Hank's solution, fixed with 7% formaldehyde in phosphate buffer (PBS; 130 mM NaCl, 7 mM Na 2 HPO 4 × 2H 2 O, and 3 mM NaH 2 PO 4 × 2H 2 O; pH 7.4) for 20 min at room temperature, washed with PBS two times for 10 min, and stained with DAPI solution (2 mg/ml in 1× PBS pH 7.4) for 5 min. The stained organs were washed for 15 min in PBS, transferred onto a glass slide into a drop of distilled water, and dissected with a needle. Then the preparations were mounted into Mowiol (Fluka) with 10% DABCO (Sigma). The preparations were imaged with a VC-44 (PCO Computer Optics GmbH, Germany) black and white CCD camera assembled with an Axioskop 2 Plus (Zeiss, Germany) epifluorescent microscope equipped with a set of interference filters (Zeiss, Germany) and the ISIS3 (MetaSystems GmbH, Germany) software package. Digital images were processed using the Adobe Photoshop CS (Adobe Systems Incorporated, USA).
Results
The study of cell localization chimeric GFP-containing proteins during the Drosophila spermatogenesis allowed us to find a group of proteins which can serve as spermatogenesis markers. Thirteen strains displayed a specific and distinct protein distribution pattern and have the data on a precise molecular function of the gene where to the protein trap was inserted. In this paper, we describe the cellular localization of the protein markers ascribed to this group, connected with the function of protein products during mRNA maturation, transport, and localization.
Strain 114-1
In this strain, the gene carrying inserted GFP-coding exon encodes the mRNA 3'-terminal phosphate cyclase Rtc1. It has been demonstrated that this protein displays a lipase and a cyclase activities [6] . Being a component of the splicesome, it is involved in the formation of 3'-2'-cyclic phosphate at the 3'-end of intron RNAs excised from the primary transcripts. As is evident from Figure 1 , characteristic of Rtc1 is a nuclear localization during the growth stage. This protein appears in the nuclei of young primary spermatocytes; its concentration increases there to reach the maximum at the apolar spermatocyte stage. Then the concentration of chimeric protein in the nuclei decreases to reach a background level in the prophase of the first meiotic division (not shown).
Strain 44-1
Squid protein is involved in the regulation of alternative splicing, negative translation regulation, mRNA transport from the nucleus to the cytoplasm, and determination of mRNA intracellular localization [7] . As has been demonstrated [8] , the overexpression of EP element in somatic gonadal tissues leads to the development of cysts containing more that 16 spermatocytes. This suggests that the gene product is involved in the signal exchange between somatic and generative tissues of the gonad. Squid is localized to the nucleus during the growth stage of primary spermatocytes (Figure 2A-C) . The concentration of this protein in the nucleoplasm increases with time. In meiocytes, Squid gradually leaves the region of division spindle and is completely absent in the spermatid nuclei ( Figure 2D-I) . The protein is detectable for some time in the spermatid cytoplasm ( Figure 2J -L) and further becomes undetectable during the elongation.
Strain 48-1
Gene Pabp2 encodes an mRNA-binding protein involved in the polyadenylation of mRNA [9] . As is evident from Figure 3A -C, the chimeric GFP-labeled protein is localized to the nucleus. As mRNA is actively synthesized at the stage of spermatocyte growth, this Pabp2 localization was not unexpected. In the mature spermatocytes Pabp2 protein forms a "ring" structure within the nucleus ( Figure 3A-C) . Pabp2 is detectable during meiosis. The granules containing Pabp2 are observed inside or close to the spindle ( Figure 3D-F) . However, GFP fluorescence in these granules is considerably weaker as compared with the nuclei of primary spermatocytes (Figure 3) . Presumably, the 3'-poly(A)-ends of the RNA molecules synthesized earlier at the growth stage are completed at this stage. The protein in question is also detectable at the stage of spermatid elongation as a separate "ring" structure ( Figure 3G-I ) that is later transforms into a dot within the nucleus, which becomes brighter with time.
Strain 91-1
The individuals of this strain carry P-element inserts in the gene Hrb98DE (heterogeneous nuclear ribonucleoprotein at 98DE). Hrp38 is a component of the ribonuclearprotein complex involved in the alternative splicing of pre-mRNA. In addition, it has been demonstrated that this protein is involved in the determination of mRNA localization [6] . At the growth stage of primary spermatocytes, this protein is detectable in the nucleoplasm. Both in polar ( Figure 4A-C) and in apolar spermatocytes, Hrp38 is detectable within the nucleus in aggregates that clearly are not co-located with the chromatin. In the meiotic prophase, this structure gradually breaks down. The cytoplasm at this stage is filled with GFP-containing round-shaped granules ( Figure 4G-I) . In young spermatids at the onion stage and for a certain period after it, Hrp38 retains its uniform distribution in the cytoplasm. Then after the elongation commenced, two regions of the protein accumulation are detectable at the opposite ends of the spermatid. A dot with gradually increasing GFP fluorescence appears in the nucleus at the basal end of the spermatid (Figure 5A-C) . Hrp38 also commences accumulating at the apical pole of the spermatid. At the first stage, irregularshaped granules containing GFP chimeric protein are assembled there. With time, these granules are replaced by the pottle-shaped structure ( Figure 5D-F) , which can be the region where mRNA is located at this stage. At the individualization stage, the chimeric protein GFP-Hrp38 is detectable not only at the cyst apical end, but also within the individualization complex as granules displaying no definite form.
Strain 126-1
Imp protein is involved in the determination of the intracellular localization of mRNA molecules and translation regulation [6] . In the male generative system, the chimeric protein GFP-Imp is detectable in the cells located at the apical end of the testis: the granules containing this protein are uniformly distributed in the cytoplasm of spermatogonia and primary spermatocytes ( Figure 6A-C) . Then the protein disappears to reappear at the elongation stage within small granules and gradually accumulate in the spermatid cytoplasm at its apical end ( Figure 6D-F) . The protein reaches its maximal concentration by the completion of elongation. Our data agree with previous reports [10] . 
Discussion
Our results on the localization of chimeric proteins in the cells of Drosophila male germline are consolidated in Table 1 . The proteins Rtc1, Squid, Hrb98DE, involved in splicing, are localized to the nucleus, but the distributions of this chimeric protein fails to repeat the chromatin distribution pattern. This means that the splicing events take place in other nuclear regions rather than at the transcription sites. Characteristic clusters of those proteins in the vicinity of chromatin are morphologically similar to those observed in certain nuclear structures, the so-called splicing factor compartments (SFC), and the Cajal bodies [11] . While Rtc1 protein participates in splicing, Squid and Hrb98DE participate also in mRNA localization. This may explain a shorter lifetime of Rtc1 in a germ-line (Table 1 ) and the presence of Squid and Hrb98DE in the cytoplasm of post-meiotic cells. It is worth mentioning that mRNA localization protein Imp was found exclusively in a cytoplasm. The behavior of Squid and Hrb98DE in post-meiotic cells differ. Squid DAPI-stained chromatin, (B,E,H) GFP and (A,D,G) superimposed images. At (B) the arrow denotes a ring "decorating" bivalent, at (E) the arrow shows protein aggregates and at (H) the arrow shows a "ring" structure forming in the spermatids.
does not return to nuclear localization and present in a cytoplasm in onion stage spermatids. Cytoplasmic Hrb98DE localization in onion stage spermatids is changing to nuclear localization in elongating spermatids. This shows that the protein localization is not a simple consequence of protein release into a cytoplasm after nuclear envelop break-down in meiosis. PAbp2 is involved in mRNA polyadenylation. Having nuclear localization in spermatocytes, the protein is released into a cytoplasm in meiosis but returns to nuclear localization in onion stage spermatids. The dynamic location of those proteins in male germ-line raises a question about proteins determinants realizing this complex behavior.
The postmeiotic transcription has been found in mouse models [12, 13] . It has been earlier considered that the transcription in spermatogenesis after meiosis is very low or completely absent [5, 14, 15] . Barreau et al. (2008) used RT-PCR and in situ hybridization to demonstrate that 96% of the genes whose mRNAs are detectable in spermatids are transcribed in spermatocytes [16] . The remaining 4% of the genes are transcribed postmeiotically before the moment when protamines substitute for histones in the spermatid nuclei. The conclusion on a postmeiotic transcription of these genes has been made based on the fact that the peak concentration of the corresponding transcripts is detectable at postmeiotic stages, whereas the premeiotically synthesized transcripts do not display such a peak at all. The transcripts of this group are localized to the caudal end of the spermatid and display a characteristic pattern, which the authors named "comets and cups". At the stage of spermatid elongation, the chimeric proteins PAbp2 and Hrb98DE are localized as a single granule or a "ring" (converting later to a granule) spatially separated from the chromatin. Since these proteins have an intranuclear function connected with mRNA maturation, we believe that the observed intranuclear granules are involved in either the postmeiotic transcription in spermatids or maturation of the mRNA synthesized before meiosis and remaining in the nucleus. In both cases, the maturation processes are separated from the processes of transcription per se -spatially in the former case and temporarily, in the latter.
The chimeric protein Hrb98DE, involved in splicing and mRNA transport, and the protein Imp, involved in the determination of mRNA localization, are detectable at the caudal end of the elongating spermatids. It is known that this region of spermatids at the elongation stage is rich with ribosomes and endoplasmic reticulum as well as the most essential site where the products necessary for elongation are synthesized [17] . Thus, the localization of these proteins, associated with mRNA, at the caudal end of spermatids in the structure, which we provisionally named pottle, is an additional confirmation for the synthetic function of this site at the stage in question.
Thus, our results on the localization of the set of chimeric proteins containing GFP provide a tool for visualizing various processes connected with transcription and translation in the living cells at various stages of Drosophila spermatogenesis. Our data demonstrate that many of the considered proteins display a dynamic localization and are associated with certain cell compartments, thereby making it possible to use these chimeric proteins as intravital markers of cell organelles. 
